Abstract Taiwan's aboriginal peoples are thought to be related to ancestral Austronesian-speaking peoples. Currently, Taiwan has 14 officially acknowledged aboriginal tribes. The major crops currently farmed in aboriginal areas are rice (Oryza sativa) and foxtail millet (Setaria italica). Archeologists recently excavated the remains of several early cultures in Taiwan. The most plentiful plant remains were carbonated rice and foxtail millet grains. The earliest 14 C date of these excavation sites is ∼5,000 BP . These settlements may be those of the earliest ancestral Austronesian speakers in Taiwan. Rice domestication is a complex story. In this study, we identified the functional nucleotide polymorphisms of 16 domesticationrelated genes using 60 landraces collected from aboriginal Taiwanese villages about 100 years ago. We also screened the phenotypes of these landraces. By integrating phenoand genotypic data, together with data from archeologists and linguists, we may be able to better understand the history of rice cultivation in Taiwan and nearby areas.
County and Pingtung's Hengchun Peninsula, about 177,000 people. 6. Puyuma: southern area of the Taitung Longitudinal Valley, about 11,000 people. 7. Yami: Orchid Island, off the coast of Taitung County; the only oceanic tribe in Taiwan, about 3,500 people spread over six island villages. Because of their isolated location, their culture remains relatively intact. 8. Paiwan: scattered across both sides of the southern Central Mountain Range; about 86,000 people. 9. Rukai: around Maolin Township in Kaohsiung County, Wutai Township in Pingtung County, and Donghsing Township in Taitung County, about 11,600 people. 10. Tsou: primarily in Alishan Township in Chiayi County, Sinyi Township in Nantou County, and Tauyuan and Namasia townships, Kaohsiung County, about 6,500 people. 11. Bunun: scattered across the central mountainous areas between 1,000 and 2,000 m a.s.l., about 50,000 people. 12. Thao: primarily in Yuchih and Shueili townships in Nantou County, about 648 people. 13. Sediq: Chilai plain of Hualien County, about 10,000 people. 14. Saisiyat: primarily in Wufeng Village of Hsinchu County and in Nanjuang and Shitan villages of Miaoli County, about 5,300 people.
Formosan languages
Language trees place the arrival of original Austronesians in Taiwan at approximately 5,230 years ago and suggest a series of settlement pauses and expansion pulses linked to technological and social innovations (Gray et al. 2009 ). Thus, the study of aboriginal Taiwanese languages, known as Formosan languages, is significant. About a dozen Formosan languages currently exist and are quite divergent. The Formosan languages contain many interesting linguistic features not found in any other Austronesian languages outside of Taiwan. Diachronically, they contain many archaic features, so their study is crucial to reconstruct the Proto-Austronesian (PAN) language spoken about 5,000 to 6,000 years ago. However, adequate descriptions and data are available for only a few of these languages, such as Atayal, Seediq, Tsou, Rukai, Bunun, Amis, Paiwan, and Kavalan. Most of the other languages are still poorly understood (Li 2000) . Of the approximately 26 known Formosan languages, at least ten are extinct, five are moribund (Zeitoun and Yu 2007) , and several are endangered. These languages have unique historical significance, because most historical linguists consider Taiwan to be the original homeland of the Austronesian language family (Blust 1985) .
Archeological studies of early inhabitants of Taiwan
The earliest inhabitants of Taiwan had pre-ceramic assemblages. These have been dated from 20,000-30,000 to 5,000 BP in the cave site at Chang-pin on the east coast of Taiwan and at the O-luan-pi II and Lung-keng sites on the south coast (Sung 1969; Li 1985) . These assemblages have been defined as the "Chang-pin Culture" and are characterized by a lithic industry consisting of chipped pebble and flake tools, as well as the absence of pottery and no evidence of farming. However, we lack evidence to support a relationship between the Chang-pin Culture and the earliest Austronesian-speaking peoples. Which Neolithic culture or cultures might represent the earliest PAN-speaking peoples? In the 1940s, Dr. Kano Tadao was the first to suggest that the earliest Neolithic cultural stratum in Taiwan was characterized by cordmarked pottery (Tadao 1955) . The identification of characteristics and formal establishment of an archeological culture were not completed until Kwang-chih Chang's 1964 Chang's -1965 excavations of the Ta-pen-keng site in Taipei and Feng-pi-tou site in Kaohsiung County. Chang (1969 Chang ( , 1989 named the culture "Ta-pen-keng (TPK)" and described it as having the following characteristics:
1. Pottery made of coarse paste and decorated with cordmarked impressions 2. The oldest Neolithic cultural horizon found to date in Taiwan, apparently antedating the subsequent prehistoric culture, which began round 2,500 BC Rice ( 2011) 4:178-183 3. A subsistence base of hunting, fishing, and collecting; some forms of farming, such as root and fruit cultivation 4. Settlements located on marine and river terraces, not far from water sources 5. Evolution in a humid and warm subtropical-tropical environment During the last two decades, more TPK sites have been found around the southern, northern, and eastern coasts of Taiwan (Chen 2000; Liu 1995 Liu , 2000 Liu , 2002 Lien and Sung 1986; Tsang 2005 Tsang , 2007 Tsang , 2010 Tsang et al. 1994 Tsang et al. , 2004 . The sites with the earliest data are Nan-kuan-li and Nan-kuan-li East in southern Taiwan. Ten 14 C dates obtained from these sites indicate that they were formed between 3,000 and 2,500 BC. The pottery unearthed from Nan-kuan-li is mainly jars and bowls, dark or reddish brown in color, with cordmarked, painted, and incised decorations. Stone tools were mainly polished adzes, arrowheads, and net sinkers. Instead of stone knives, a large number of reaping knives, made of windowpane oyster (Placuna placenta) shells, were recovered. A few bone and antler artifacts were uncovered, including points, chisels, and bead and pendant ornaments. Fourteen burials were recovered, most of which were in a supine and extended posture, with their heads all pointing toward the south. A large number of faunal and plant remains were recovered. Major faunal remains included bones of fish, deer, pigs, and dogs. Plant remains consisted mainly of rice (Oryza sativa), foxtail millet (Setaria italica), quassia wood (Picrasma quassioides), and Chinese hackberry (Celtis sinensis) seeds.
Here, we mainly report on work at the Nan-kuan-li and Nan-kuan-li East sites near the Science-Based Industrial Park in southern Taiwan. This is the drainage area of the Zengwun River. Many sites have been excavated, with dates obtained for at least every 500 years since ∼5,000 BP. Tens of thousands of both rice and foxtail millet seeds were found at a single site, so cereals were important crops at the early stage of the PAN-speaking population about 5,000 years ago, as predicted by Gray et al. (2009) . Figure 2 illustrates the farming tools (shell knife and stone hoe) and carbonated seeds (rice and foxtail millet) excavated from the sites. The shell knife may have been used for harvesting rice panicles. Most of the excavated rice seeds were dehulled, with the glume, palea, and lemma removed. However, many of the foxtail millet seeds were hulled (i.e., consisting of the glume).
From these findings, we can modify some of the points of TPK culture addressed by Chang (1969; 1989): 1. TPK is the oldest Neolithic cultural horizon found to date in Taiwan, and it began around 3,000 BC. 2. The subsistence base was hunting, fishing, and farming.
Cultivation of cereals mainly involved rice and foxtail millet; roots and fruit were also cultivated.
Rice landraces cultivated in aboriginal villages
The beginnings and spread of rice agriculture are related to the cultural and linguistic developments of early Asian societies. Using archeological studies and sequence analysis of domestication-related genes, McCouch and colleagues recently provided new insights into the history of rice domestication (Kovach et al., 2007) . The proposed origin and dispersal of domesticated rice is illustrated in Fig II of that paper, which denotes the possible paths of domesticated rice dispersal. One of the paths of dispersion coincided well with the migration pattern of the early Austronesians, which suggests a positive relation between the migration of Austronesian peoples and the dispersal of domesticated rice. The major staple crops in Taiwan's aboriginal villages are rice and foxtail millet. About 100 years ago and during the Japanese colonial period, Dr. Iso, a famous rice breeder, collected about 60 rice landraces from the aboriginal villages in the high mountain areas of Taiwan. These seeds were well preserved then transferred to the Taiwan Agriculture Research Institute in 1945. However, the samples contained only landrace names and seeds, with no record of the location or village where they were collected. Several linguists helped identify the possible tribes where these landraces came from. Currently, we have good information for about ten landraces.
These 60 rice landraces show wide variation in phenotype, including grain size, plant size and architecture, aboveground biomass, heading habitat, and drought tolerance. Figure 3 illustrates the phenotype of several plant types and seed phenotypes. Many of them consist of awns and partial shattering; that is, they do not exhibit the features of modern varieties. 
Studies of domestication-related rice genes
Domestication involves a series of profound genetic changes resulting from selections to make wild species easier for cultivation and better for consumption. For rice domestication, the major traits altered include the following:
1. Grain: size, shape, color, fragrance, amylose content 2. Seed: shattering behavior, awn, panicle size and shape 3. Plant structure: more tillers, not spread out Fig. 3 Examples of the 60 rice landraces collected from aboriginal Taiwanese villages about 100 years ago. a 1-9 plant types. b Hulled and unhulled rice seeds. 
Heading or flowering: photoperiod sensitive
Using these 60 rice landraces, we worked on 16 domestication-related genes, including three grain shaperelated genes, one grain color gene, one seed dormancyrelated gene, one grain fragrance-related gene, three genes controlling grain shattering, and one gene controlling sticky rice features (Table 1) . These genes have been widely used in other domestication-related rice research.
Rice is short-day plant and can be harvested only once when grown in high-latitude areas such as Japan, Korea, and Northern China. However, Taiwan's latitude is 22°to 25°, so it is subtropical and thus allows for two annual rice harvests if plants are not sensitive to day length or temperature. We investigated several of the 60 rice landraces and found six genes-Ehd1, Ehd2, Hd1, Hd3a, Hd6, and Se5-that control flowering time, also known as heading date, which would benefit for two harvests.
We revealed the sequence variations of these domesticationrelated genes by analysis with Targeting Induced Local Lesions in Genomes (TILLING), then DNA sequencing. The sequence variations include many single-nucleotide polymorphisms; deletions and insertions, located at promoters, exons, or introns. TILLING results provided us with clues to choose landraces for detailed PCR and/or sequencing studies. Figure 4 illustrates part of the TILL-ING and gel analysis, indicating that huge differences are present in the landraces used.
Conclusions and future prospects
Further investigation is needed into the beginnings and spread of rice agriculture and its relation to language dispersal and social transformations in early Asia. Taiwan's aboriginal peoples and their agriculture are especially interesting in this regard because they are thought to be related to the original Austronesians. Findings from the earliest excavated sites in Taiwan are dated about 5,000 BP . We suggest that the people that inhabited these sites came from the north, from the Asian mainland, because large amounts of carbonated rice and foxtail millet (domesticated in the north) were found at archeological sites of early cultures. Through detailed analyses of the rice landraces from Taiwan and other Austronesian villages in Southeast Asia, we may understand the relationship between their haplotypes. In conjunction with archeologists and linguists, we should be able to understand the rice cultivation history of Taiwan and nearby areas.
